The intracellular pathogen Mycobacterium tuberculosis (Mtb) causes tuberculosis. Enhanced intracellular survival (Eis) protein, secreted by Mtb, enhances survival of Mycobacterium smegmatis (Msm) in macrophages. Mtb Eis was shown to suppress host immune defenses by negatively modulating autophagy, inflammation, and cell death through JNK-dependent inhibition of reactive oxygen species (ROS) generation. Mtb Eis was recently demonstrated to contribute to drug resistance by acetylating multiple amines of aminoglycosides. However, the mechanism of enhanced intracellular survival by Mtb Eis remains unanswered. Therefore, we have characterized both Mtb and Msm Eis proteins biochemically and structurally. We have discovered that Mtb Eis is an efficient N ɛ -acetyltransferase, rapidly acetylating Lys55 of dualspecificity protein phosphatase 16 (DUSP16)/mitogen-activated protein kinase phosphatase-7 (MKP-7), a JNK-specific phosphatase. In contrast, Msm Eis is more efficient as an N α -acetyltransferase. We also show that Msm Eis acetylates aminoglycosides as readily as Mtb Eis. Furthermore, Mtb Eis, but not Msm Eis, inhibits LPSinduced JNK phosphorylation. This functional difference against DUSP16/MKP-7 can be understood by comparing the structures of two Eis proteins. The active site of Mtb Eis with a narrow channel seems more suitable for sequence-specific recognition of the protein substrate than the pocket-shaped active site of Msm Eis. We propose that Mtb Eis initiates the inhibition of JNK-dependent autophagy, phagosome maturation, and ROS generation by acetylating DUSP16/MKP-7. Our work thus provides insight into the mechanism of suppressing host immune responses and enhancing mycobacterial survival within macrophages by Mtb Eis.
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Rv2416c | lysine acetylation | antituberculosis drug N early one-third of the world's population is infected with Mycobacterium tuberculosis (Mtb). This pathogenic bacterium causes tuberculosis, which claims the lives of millions of people every year (1) . Tuberculosis has also become a global health issue owing to the increased incidences of multidrug-resistant and extensively drug-resistant strains of Mtb (2). This makes a search for targets of new antituberculosis drugs urgent. Mtb is a highly successful human pathogen, surviving and multiplying within the human macrophage cells of the infected people (3) . Therefore, treatment of tuberculosis is difficult, requiring many months of taking a combination of antibiotics. Mtb has the ability to persist in the form of a long-term asymptomatic infection, referred to as latent tuberculosis (4) . Latent tuberculosis becomes activated when the body's immune system is weakened. As a result, tuberculosis is the major cause of death among immuno-compromised AIDS patients (5) .
In mycobacterial infection, host innate immune responses may play a crucial role in early protection against Mtb infection, leading to establishment of effective adaptive immunity to tuberculosis (6) . Additionally, MAPK pathways are activated by Mtb or its components and play an essential role in the regulation of innate immune signaling during mycobacterial infection (6) . Because intracellular survival of Mtb plays a central role in its pathogenesis (7) , it is important to understand the survival strategies of this bacterium within macrophages. Mtb has evolved a number of highly effective survival strategies inside the macrophage (8) . The best-characterized survival mechanism of Mtb is the inhibition of phagosomal maturation and autophagy, between which a functional overlap was suggested (8) (9) (10) (11) . Both processes involve several steps, including fusion with lysosomes, and a number of protein factors, such as Beclin 1 and vacuolar sorting protein 34 (VPS34), the class III phosphatidylinositol 3-kinase (12) . The identification and characterization of mycobacterial proteins that play a role in facilitating intracellular survival remain a priority for the development of new antituberculosis drugs.
The Rv2416c gene of Mtb H37Rv strain was found to enhance intracellular survival of Mycobacterium smegmatis (Msm) in the human macrophage-like cell line U-937, and thus it was designated as eis (enhanced intracellular survival) (7). The expression of its protein product directly correlated with the enhanced mycobacterial survival in U-937 cells (7) . The Mtb Eis protein is produced during human tuberculosis infection and is released into the culture medium (3). The sigma factor SigA was shown to bind to the eis promoter in the W-Beijing strain of Mtb, and the activation of the Mtb eis gene correlated with increased SigA levels and enhanced intracellular survival (13) . Treatment of T cells with Mtb Eis inhibited ERK1/2, JAK pathway, and subsequent production of TNF-α and IL-4 (14) . Mtb Eis negatively regulated the secretion of TNF-α and IL-10 by primary human monocytes in response to infection with the pathogen (15) .
Recently Mtb Eis was shown to suppress host innate immune defenses by negatively modulating inflammation, autophagy, and cell death in a redox-dependent manner (16) . The reported data indicate that Mtb Eis plays an essential role in regulating both the early generation of reactive oxygen species (ROS) and inflammatory responses in macrophages (16) . It was also found that abrogated production of both ROS and proinflammatory cytokines by Mtb Eis depends on its N-acetyltransferase domain in the N terminus (16) . Enhanced macrophage survival by Mtb Eis was found to occur through the regulation of ROS signaling, which was JNK-dependent but was not p38-or ERK1/2-dependent (16) . Forced expression of dual-specificity protein phosphatase 16 (DUSP16), also called MAPK phosphatase-7(MKP-7), suppressed activation of MAPKs in COS-7 cells in the order of selectivity, JNK >> p38 > ERK, suggesting that DUSP16/MKP-7 works as a JNK-specific phosphatase (17) .
A bioinformatic analysis predicted that the Mtb Eis protein contains a single acetyltransferase domain of the GCN5-related Nacetyltransferase (GNAT) superfamily in the amino terminus (15) . The acetyltransferase domain is predicted to cover residues 9−160 of the 408-residue protein and contains a variant of the characteristic sequence motif (V/I-x-x-x-x-Q/R-x-x-G-x-G/A) for acetyltransferases at positions between 93 and 103 ( (Fig. S1) (15, 18) . Our sequence numbering of Mtb Eis follows the current EXPASY UniProtKB/Swiss-Prot database; six residues 1 
MPQSDS
6 at the amino terminus are missing from other databases, owing to a different translation initiation at Val7. Increased expression of Mtb Eis due to a mutation in the promoter region of the eis gene conferred resistance to aminoglycoside kanamycin, a second-line antituberculosis drug (19) . More recently, Mtb Eis was demonstrated to have an unprecedented ability to acetylate multiple amines of many aminoglycosides, and its reaction mechanism was proposed on the basis of structural and mutational studies (20) . However, the fundamental question about the mechanism of enhanced survival of the Msm clone, which contains the extra Mtb eis gene in addition to its own eis gene, still remains unanswered. Nonpathogenic Msm contains a homologous eis gene (MSMEG_3513) that encodes a homolog of Mtb Eis (58% amino acid sequence identity).
To better understand how Mtb Eis enhances mycobacterial survival in macrophages, we have carried out functional and structural characterization of Eis proteins from both Mtb and Msm. We find that both Eis proteins can acetylate aminoglycosides efficiently. We have discovered that Lys55 within the docking domain (also called the kinase interaction motif) of DUSP16/MKP-7 is readily acetylated by Mtb Eis, but not by Msm Eis. Furthermore, we show that Mtb Eis, but not Msm Eis, suppresses LPS-induced JNK phosphorylation and proinflammatory cytokine production in macrophages. The observed functional difference between these Eis proteins against DUSP16/MKP-7, a JNK-specific phosphatase, can be understood by comparing their active site features. The overall monomeric and oligomeric structures of both Mtb Eis and Msm Eis are highly similar to each other. The most notable structural difference between them is the presence of a narrow channel for potential sequence-specific binding of the acetylation target peptide in the active site of Mtb Eis but not in Msm Eis. On the basis of these findings, we propose that Mtb Eis initiates the inhibition of autophagy and phagosome maturation in infected macrophages by N ɛ -acetylating Lys55 of DUSP16/MKP-7 to suppress host immune responses for intracellular survival of mycobacteria.
Results

Eis Proteins from both Mtb and Msm Acetylate Aminoglycosides
Efficiently and Have Similar Overall Structures. Recently Mtb Eis was shown to acetylate multiple amines of many aminoglycosides, including the second-line injectable antituberculosis drugs kanamycin and amikacin (19, 20) . It was also argued that kanamycin may not be a natural substrate of Mtb Eis because of a high K m value with it (19) . To examine whether there is a functional difference between Eis proteins from Mtb and Msm in aminoglycoside acetylation, we compared acetylation activities of these two Eis proteins against amikacin, kanamycin A, tobramycin, and paromomycin. Interestingly, Msm Eis acetylated the tested aminoglycosides as quickly as, or more rapidly than, Mtb Eis (Fig.  S2 ). Steady-state kinetic parameters, as measured by K m and k cat values (Table S1 ), indicate that the aminoglycoside acetyltransferase activity of Msm Eis is comparable to or higher than that of Mtb Eis. This result cannot explain the enhanced intracellular survival of mycobacteria by Mtb Eis.
To understand the observed catalytic properties, we have determined and compared the crystal structures of both Mtb and Msm Eis proteins (Table S2 and SI Results and Discussion). The crystal structure of selenomethionine-substituted Mtb Eis in the acetyl CoA-bound form was determined by de novo phasing using the single anomalous diffraction data to 2.80 Å. This model was used to solve the structures of Mtb Eis in the apo form at 2.46 Å and Msm Eis in the CoA-bound form at 2.03 Å by molecular replacement. The overall monomeric and hexameric structures of Mtb and Msm Eis proteins are similar to each other (Fig. S3) . That is, each monomer of both Eis proteins comprises three "structural" domains, and six subunits are associated to form a hexamer of 32 symmetry. "Structural" domain 1 adopts the GNAT fold, as predicted. Unexpectedly, "structural" domain 2 is also folded into the GNAT structure (Fig. S4 ) despite an apparent lack of sequence similarity to other GNAT enzymes, including the Eis domain 1. "Structural" domain 3, containing a putative peroxisome targeting signal type 2 ( Fig. S5) , resembles sterol carrier protein-2. Either acetyl CoA or CoA is observed to be bound to "structural" domain 1 only, but not to "structural" domain 2, in the ligand-bound structures of both Eis proteins (Fig. S3) . The active sites of Mtb and Msm Eis proteins are large and deep enough to accommodate aminoglycosides. However, they display distinct structural features that may explain the observed functional difference against peptide substrates (as discussed below). While we were preparing this article, the structure of Mtb Eis bound with acetyl CoA was reported by another group (20) [Protein Data Bank (PDB) code 3R1K]. Our structure of acetyl CoA-bound Mtb Eis is highly similar to the reported one, with the rmsds being 0.34 Å for 396 Cα atoms in a monomer (for chains A) and 0.67-0.75 Å for 2,376 Cα atoms in a hexamer. A minor difference is in the modeled residues (residues 8-161 and 167-408 in our structure; residues 9-57 and 62-408 in the reported structure).
Identification of DUSP16/MKP-7 as the N ɛ -Acetylation Target of Mtb Eis. Besides aminoglycosides, Mtb Eis was previously shown to acetylate free histone proteins, but not the histone proteins in a nucleosomal complex (21) . None of these acetylation targets can explain the enhanced intracellular survival of mycobacteria by Mtb Eis; Mtb Eis likely has other unidentified protein targets for acetylation. Therefore, we were interested in identifying physiologically more important protein acetylation targets of Mtb Eis. Mtb Eis enhances macrophage survival through the regulation of JNK-dependent ROS signaling (16) , whereas DUSP16/MKP-7 works as a JNK-specific phosphatase in vivo (17) . Acetylation at Lys57 of DUSP1/MKP-1, a nuclear-localized phosphatase that inactivates MAPK members by dephosphorylation, promoted the interaction of DUSP1/MKP-1 with its substrate p38 MAPK and inhibited innate immune signaling (22, 23 On the basis of these reports, we speculated that Mtb Eis may acetylate component(s) of the MAPK signaling pathways, such as MAPK phosphatases, to negatively control autophagy, phagosome maturation, and ROS generation, ultimately leading to the suppression of host immune responses. Therefore, we examined whether Mtb Eis may acetylate DUSP16/MKP-7, which is known to be a JNK-specific phosphatase (17) . We tested a peptide within the MAPK-docking domain of DUSP16/MKP-7: (Fig. 1A) . The observed increase of 42 Da in the peptide mass corresponds to covalent attachment of an acetyl group (CH 3 CO−). On the other hand, the mass (1,558 Da) of the MKP-1(50−63) peptide before and after in vitro acetylation for 30 min by Mtb Eis agrees with the predicted mass of the unmodified peptide (Fig. 1A) . These results indicate that Mtb Eis quickly attaches a single acetyl group to the MKP-7(53−66) peptide, whereas it does not readily acetylate the MKP-1(50−63) peptide. The MKP-7(53−66) peptide has three potential N-acetylation sites: one N α -acetylation site at the amino terminus and two N ɛ -acetylation sites at Lys55 and Lys62. To identify which of the three possible acetylation sites was actually modified, we performed de novo sequencing of the acetylated MKP-7(53−66) peptide by MALDI tandem mass spectrometry (Fig. 1B) . Peaks of unacetylated a1, a2, y10, and y11 ions are present at 86.009, 217.157, 1,214.653, and 1,369.811 Da, respectively, whereas peaks of acetylated b-ion series b3*, b4*, b5*, and b8* are present at 415.398, 571.565, 727.680, and 1,096. (Fig. S6) . We have confirmed by MALDI tandem mass spectrometry that these peptides are N α -acetylated at the amino terminus by Msm Eis (Fig. S6 ).
Our data thus establish that Eis proteins from both Mtb and Msm are catalytically active as aminoglycoside N-acetyltransferases, but only Mtb Eis acts as an efficient N ɛ -acetyltransferase that can acetylate DUSP16/MKP-7.
We further tested the protein N-acetyltransferase activity using recombinant human DUSP16/MKP-7. We could express DUSP/ MKP-7(1−153), which covers the rhodanese-like domain and encompasses the docking domain, and DUSP/MKP-7(1−303), which additionally contains the phosphatase domain, whereas the full-length DUSP16/MKP-7 was not expressed in Escherichia coli. When DUSP16/MKP-7(1−153) and DUSP/MKP-7(1−303) were incubated with the wild-type Mtb Eis in the presence of [ 14 C]-acetyl CoA, they were efficiently acetylated by Mtb Eis (Fig. 2A) . However, their acetylation by Msm Eis was much less efficient ( Fig. 2A) . We next performed mutation experiments to confirm the acetylation site(s) in DUSP16/MKP-7(1−153). Each of Lys52, Lys55, and Lys62 in DUSP16/MKP-7(1−153) was replaced by arginine, and the acetylation reaction was carried out. Mutation of Lys55 drastically reduced the level of acetylation by Mtb Eis, whereas mutations of Lys52 and Lys62 showed no such drastic reduction (Fig. 2B) . With Msm Eis, mutation of Lys55 had little effect on the level of acetylation, suggesting that acetylation by Msm Eis likely occurred at the amino terminus, but not at Lys55 (Fig. 2B) . These results strongly suggest that Mtb Eis functions as a protein N ɛ -acetyltransferase toward human DUSP/MKP-7.
Mtb Eis Structure Reveals a Narrow Channel for Peptide Recognition.
Our biochemical studies indicated that both Mtb and Msm Eis proteins could readily acetylate aminoglycosides, with Msm Eis being a marginally better catalyst as an aminoglycoside N-acetyltransferase (Fig. S2) . In contrast, their substrate preferences against MKP-7(53−66) and MKP-1(50−63) peptides were different. Mtb Eis acetylated an internal lysine (Lys55) of the MKP-7 (53−66) peptide rapidly, whereas Msm Eis preferentially acetylated the terminal amino group of these peptides ( Fig. 1 and Fig.  S6 ). To understand the observed difference in peptide acetylation site preferences, we have compared the active site features of these Eis proteins. Both Eis active sites show negative electrostatic (45) is given above the spectrum. The acetyl group of modified Lys55 is highlighted by enclosing in a red box.
potential surfaces (Fig. 3) , and key residues around the thiol group of acetyl CoA (or CoA) are identical (Asp32/Tyr132/Phe408 in Mtb; Asp28/Tyr126/Phe402 in Msm). Interestingly, we noticed a difference in the shape of the predicted substrate binding sites adjacent to the bound ligand in their active sites. Mtb Eis has a deep and narrow channel, whereas Msm Eis has a deep and round pocket (Fig. 3 ). This structural difference in the substrate binding sites is mainly due to different arrangements of helix α2 (Gly35-Leu45 in Mtb Eis; Glu32-Met41 in Msm), part of "structural" domain 1, and helix α6 (Gln200-Cys210 in Mtb Eis; Asp190-Ala198 in Msm) and the following loop, which are part of "structural" domain 2 (Fig. S7A) . The narrow channel of Mtb Eis is formed by limited hydrophobic interactions between these helices. In comparison, the round pocket-shaped substrate binding site of Msm Eis is formed by extensive interactions between helix α2 in "structural" domain 1 and helix α6 followed by an additional 3 10 helix α6' in "structural" domain 2 (Figs. S1 and S7A). The 3 10 helix α6' is present in Msm Eis only (Figs. S1 and S7A). The close contact between α2 and α6 helices in Msm Eis is stabilized by hydrogen bondings of Gln33-Arg200 and Thr34-Asp195 pairs (Fig. S7A ). In addition, the side chain of Trp42 in Mtb Eis is located between the side chains of Trp19 (on α1) and Phe90 (on β4) in "structural" domain 1, whereas the corresponding residue in Msm Eis, Trp38, is located on the other side of Phe84 and makes van der Waals contacts with the side chains of Met41 (on α2), Leu192 (on α6), and Tyr400 (Fig. S7A) . The elongated substratebinding channel in Mtb Eis seems to be suitable not only for accommodating aminoglycosides but also for recognizing the polypeptide substrate in a sequence-specific manner. This channel is also present in the reported structure of Mtb Eis (20) . The deep, round-shaped substrate-binding pocket in Msm Eis seems more suitable for accommodating aminoglycosides and the terminal amino group of peptides than sequence-specific recognition of polypeptides.
Mtb Eis, but Not Msm Eis, Inhibits LPS-Induced JNK Phosphorylation and Proinflammatory Cytokine Production. Because DUSP16/MKP-7 was reported to inhibit JNK activation in macrophages in response to LPS by dephosphorylating (24-28), we examined whether Mtb Eis or Msm Eis affects LPS-induced JNK phosphorylation in bone marrow-derived macrophages (BMDMs). Mtb Eis significantly reduced the level of phosphorylated JNK in BMDMs in response to LPS, whereas Msm Eis did not (Fig. 4) . Furthermore, Mtb Eis significantly inhibited production of TNF-α and IL-6 in BMDMs in response to LPS, whereas Msm Eis did not (Fig. 4) . Inhibition of JNK phosphorylation was reported to reduce production of these proinflammatory cytokines (29, 30) . These data, together with our finding that Mtb Eis acetylates DUSP16/MKP-7 at Lys55, indicate that Mtb Eis suppresses host innate immune responses through inactivation of JNK via acetylation of DUSP16/MKP-7.
Discussion
Survival of Mtb inside human macrophages is central to tuberculosis infection, latency, disease activation, and transmission (31).
The most important survival strategies of the pathogen are the inhibition of phagosomal maturation and autophagy (32) . Autophagy has been recognized as innate and adaptive immune defense mechanisms (32) . A functional overlap was suggested between phagosome maturation and autophagy, both of which depend on Beclin 1 and VPS34 as key players (32) . Beclin 1, a proautophagy BH3 domain-containing protein, plays a central role in autophagosome formation by interacting with several other factors to promote the formation of Beclin 1-VPS34-VPS15 core complexes (12, 33) . In mammalian cells under nonstarvation conditions, the antiapoptotic protein Bcl-2 binds to Beclin 1 and inhibits its autophagy function (34) . Starvation induces Bcl-2 dissociation from Beclin 1, via phosphorylation of Bcl-2, and autophagy activation. Furthermore, JNK1, but not JNK2, was found to mediate starvation-induced Bcl-2 phosphorylation (34). Recently, JNK signaling was shown to mediate amplification of ROS production during multiple stresses, including infection (35) . Cellular stress altered mitochondria, causing JNK to translocate to the mitochondria and to amplify up to 80% of the ROS generated largely by complex I. ROS activates JNK via a sequence of events for JNK mitochondrial signaling (35) . There exists a molecular cross-talk between autophagy and apoptosis, because Beclin 1 can be cleaved by caspases, and its proautophagic activity is lost (36) . Moreover, the resulting C-terminal fragment of Beclin 1 could amplify mitochondrion-mediated apoptosis (36, 37) .
The kinase activity of MAPKs such as JNK is negatively regulated by DUSPs (also called MKPs). DUSP16/MKP-7 was found to work as a JNK-specific phosphatase in vivo, because forced expression of DUSP16/MKP-7 suppressed activation of MAPKs in the order of selectivity, JNK >> p38 > ERK (17) . When expressed in mammalian cells, DUSP16/MKP-7 was localized exclusively in the cytoplasm (17) . Acetylation of the components of MAPK pathways on serine/threonine and lysine residues was previously reported to serve as a regulatory mechanism in biological signaling. Yersinia YopJ was shown to act as an acetyltransferase to modify serine and threonine residues in the activation loop of MAPK kinase-6, thereby blocking phosphorylation and subsequent activation of the kinase activity (38, 39) . A nuclearlocalized DUSP1/MKP-1 is acetylated by p300 on Lys57 within its docking domain, resulting in deactivation of Toll-like receptor inflammatory signaling and inhibition of innate immune signaling (22) . p300 contains a histone acetyltransferase domain. Acetylation of DUSP1/MKP-1 enhanced its interaction with p38, thereby increased its phosphatase activity, and interrupted MAPK signaling cascade (22, 23) . In this study, we have discovered that Mtb Eis acts as an N ɛ -acetyltransferase to acetylate Lys55 within the docking domain of DUSP16/MKP-7. We have also shown that Mtb Eis, but not Msm Eis, significantly down-regulated the LPSinduced JNK phosphorylation. On the basis of these findings, we propose that acetylation of DUSP16/MKP-7 by Mtb Eis is the key initial event in the JNK-dependent inhibition of autophagy, phagosome maturation, and ROS generation, which ultimately contributes to enhanced survival of Mtb within the macrophage cells. Definitely establishing the proposed mechanism of enhanced intracellular survival would require functional studies with an engineered pathogen in a suitable host cell. It has been well established that protein lysine acetylation critically regulates gene transcription by targeting histones as well as a variety of transcription factors in the nucleus (40) . Numerous proteins located outside the nucleus have also been demonstrated to be acetylated (40) . Indeed, protein lysine acetylation is emerging as a major mechanism by which key proteins are regulated in many physiological processes (40) . Recent reports also link lysine acetylation to heterochromatin assembly, sister chromatid cohesion, cytoskeleton dynamics, autophagy, receptor signaling, RNA processing, and metabolic control (41) . Proteomics studies indicate that the complexity of the acetylome potentially rivals that of the phosphoproteome (42) . Therefore, it is not surprising to find that Mtb uses Eis to acetylate the host signaling protein DUSP16/MKP-7 in suppressing immune responses for its survival in macrophages. Mtb might have evolved in such as way that its eis gene product has retained much of the aminoglycoside N-acetyltransferase activity, whereas it has gained a significantly higher protein lysine N ɛ -acetyltransferase activity to disrupt the cellular signaling pathway for intracellular survival.
Similarly to Mtb Eis, protein kinase G (PknG) of Mtb inhibits phagosome-lysosome fusion and mediates intracellular survival of mycobacteria by disrupting the host cellular signaling (43) . PknG is one of the 11 eukaryotic-like Ser/Thr protein kinases encoded by the Mtb genome and is secreted within macrophages. Mtb Eis, like Mtb PknG, could be an excellent target for the development of drugs that induce mycobacterial death inside macrophages. An advantage of targeting Eis or PknG is that it does not kill the bacteria per se but instead facilitates the macrophage to carry out its natural antibacterial activity, delivering intracellularly surviving mycobacteria to lysosomes for destruction (44) . Another potential advantage of targeting a secreted protein such as Eis or PknG is that its inhibitors are not required to be transported through the extremely ) for 1 h, followed by stimulation with LPS (100 ng mL −1 ) for 30 min. Cells were then harvested, lysed, and subjected to Western blot analysis using antibodies raised to phospho-JNK and β-actin. Data shown are representative of three independent experiments that all yielded similar results. Expression of phospho-JNK and β-actin in cytoplasmic extracts of BMDMs was quantified densitometrically (Right). Data represent the mean ± SD of three independent experiments. ***P < 0. ) for 1 h, followed by stimulation with LPS (100 ng mL ) for 18 h. Supernatants were harvested, and the levels of TNF-α and IL-6 were measured by ELISA.
impermeable mycobacterial cell wall. This may greatly improve the bactericidal activity of the compounds (44) . Mtb Eis has an extra advantage, because existing aminoglycoside drugs, such as kanamycin and amikacin, can be made effective by inhibiting its aminoglycoside N-acetyltransferase activity. Our structural information would be useful in structure-based discovery of peptidomimetic or small-molecule inhibitors that target the active site of Mtb Eis.
Materials and Methods
Detailed methods of protein expression/purification, in vitro acetylation assay, mass spectrometry, crystallization, X-ray data collection, structure determination, cell culture, Western blotting, and ELISA are provided in SI Materials and Methods. Briefly, the genes encoding Mtb and Msm Eis proteins were cloned into pET-28b(+) and were expressed in E. coli Rosetta II (DE3)pLysS cells. The recombinant Eis proteins with an N-terminal fusion tag were purified, crystallized, and characterized by in vitro acetylation assays.
The acetylation site of the in vitro acetylated peptides was identified by MALDI MS/MS analysis.
